The electrical conductivity, Seebeck coefficient, and thermal conductivity of polycrystalline M 0.6 Fe 2.4 O 4 (M = Ni, Ni 0.5 Mg 0.5 , Ni 0.5 Zn 0.5 , Zn) were measured to elucidate cation distribution-dependent changes. Preferential occupation by the doped cation in the iron spinel has been noted: Zn 2+ ions prefer to occupy the tetrahedral A-site, while Ni 2+ and Mg 2+ prefer to occupy the octahedral B-site. While the electrical conductivity and Seebeck coefficient are almost cation distribution-independent, the thermal conductivity at room temperature is sensitive to the cation distributions. The lowest thermal conductivity of 2.0 W m ¹1 K ¹1 at room temperature is observed for Zn 0.6 Fe 2.4 O 4 . The value is about one third of that of Ni 0.6 Fe 2.4 O 4 . The thermal transport of M x Fe 3¹x O 4 is mainly affected by cation distribution at the A-site, while the electrical transport is affected by the B-site, which is discussed in terms of the point defects at the A-and B-sites. Due to the disordering at the A-and Bsites, the thermal conductivity of M x Fe 3¹x O 4 could be reduced without decreasing the electrical conductivity. Doped spinel-ferrite M x Fe 3¹x O 4 would be a kind of "phonon-glass electron-crystal" material.
Introduction
During recent years, oxide semiconductors have received considerable attentions as thermoelectric materials for high temperature use. Although oxide thermoelectric semiconductors have lower thermoelectric performance relative to the conventional ones, the disadvantage would be offset by their low production cost, especially for the iron oxides. The thermoelectric performance is evaluated in terms of the dimensionless figure of merit ZT = ·S 2 T/¬ or power factor ·S 2 , where T, ·, S and ¬ are temperature, electrical conductivity, Seebeck coefficient, and thermal conductivity, respectively. Recently, we intensively investigated the p-type iron oxide CuFeO 2 system, 15) and found that CuFe 0.99 -Ni 0.01 O 2 showed a high ZT value of 0.14 at 1100 K. 1) To realize iron oxide thermoelectric devices, it is essential to develop n-type iron oxide thermoelectric materials.
Fe 3 O 4 is one of the candidates for n-type iron oxide thermoelectric semiconductors. Figure 1 shows the crystal structure of Fe 3 O 4 , consisting of a tetrahedral A-site (the Fe 3+ ions) and an octahedral B-site (the Fe 3+ and Fe 2+ ions). At room temperature, the electronic structure of the weak ferromagnetic Fe 3 O 4 is half-metallic with the minority spin t 2g state at the Fermi level. 6) This state comes only from the B-site, indicating that the electrical conduction results from charge transfer toward the octahedral layers of the B-site. Neither the 3d states of the A-site ion nor the s-and p-state carriers contribute to electrical transport. Fe 3 O 4 exhibits ferrimagnetism below T c = 858 K. As for the thermoelectric properties, Fe 3 O 4 has high electrical conductivity (· ³ 2.0 © 10 4 S m ¹1 ) and Seebeck coefficient (S ³ ¹80 µV K ¹1 ), 7, 8) but its oxidation resistance is quite low and the thermoelectric performance deteriorates when it is used at high temperature in air. Previously, we measured the thermoelectric properties of Ni 4 . In this study, we measured the thermoelectric properties of M x Fe 3¹x O 4 (M = Ni, Ni 0.5 Mg 0.5 , Ni 0.5 Zn 0.5 , Zn) at x = 0.6. Unlike the electrical conductivity and Seebeck coefficient, the thermal conductivity is strongly affected by the cation distribution. were mixed, pressed into pellets, and sintered at 1673 K for 12 h in flowing argon gas (200 ml/min). To characterize the samples, powder X-ray diffraction (XRD) measurements were performed using a RIGAKU RAD-X system (Cu-K ¡ ) equipped with a curved graphite monochromator. The diffraction intensities were measured in the range of 10°¯2ª¯100°with 0.02°steps and analyzed by a Rietveld profile refinement program, RIETAN2000.
12) The grain size and shape of the sample were observed using a scanning electron microscope (SEM; Keyence VE-8800). The electrical conductivity · and Seebeck coefficient S were simultaneously measured between 300 and 1150 K in vacuum using an automated Seebeck tester (Ozawa Science RZ2001i). For the measurement of Seebeck coefficient, temperature gradients ¦T < 10 K were generated between the two ends of a 12 mm length rectangular sample. The thermal conductivity ¬ was measured by the laser flash method (ULVAC-RIKO TC7000h) from 300 to 1150 K in vacuum. , Fe 2+ and Ni 2+ ions from the XRD data due to the small differences in the atomic scattering factors of these cations. Thus, we assumed that the Fe 3+ ions occupy the A-site preferentially, based on previous reports. 10, 13) The Zn 2+ ions and the very small amount of Mg 2+ ions were assumed to occupy the A-site. We successfully prepared four different samples: namely, a B-sitesubstituted sample (M = Ni), a B-site-double substituted sample (M = Ni 0.5 Mg 0.5 ), an A-and B-site-substituted sample (M = Ni 0.5 Zn 0.5 ), and an A-site-substituted sample (M = Zn).
Results and Discussion

Sample identification and cation distribution
Sample density and grain size
Typically, the sample morphology strongly affects the thermoelectric properties.
1416) Here, we compare the sintered sample density and grain size of the samples. The sintered sample shows an almost identical sample density (9596%). Figure 4 shows the SEM images of the scratched surface of M 0.6 Fe 2.4 O 4 . Little difference was observed in the grain size among the samples, with the averaged grain size estimated from the SEM images being about 1520 µm. Therefore, we expect that the contribution of the morphology to the thermoelectric properties is almost identical for the samples used in this study. respectively. The electrical conductivity increased with increasing temperature, which is a typical behavior of semiconductors. The Seebeck coefficient was almost unchanged from 300 to 600 K, but gradually increased above 700 K. The Seebeck coefficient increased from ¹120 to ¹200 µV K ¹1 at temperatures from 600 to 1150 K. Figures 6(a) and 6(b) show the variation of log (·T) and S against 1000/T for Ni 0.6 Fe 2.4 O 4 , respectively. The temperature dependent change of log (·T) increased from 700 K, corresponding to the magnetic phase transition from ferrimagnetic to paramagnetic, i.e., the Curie temperature. Figure 6(b) shows that the Seebeck coefficient increased above the Curie temperature, an indication of the spin entropy increase due to the disappearance of the longrange ferrimagnetic order. For confirmation, we calculated the Seebeck coefficient due to the spin entropy, S spin , using the following formula: 17) S spin ¼ Àðk B =eÞ lnðg ðIÞ =g ðIIÞ Þ; ð1Þ
Electrical conductivity and Seebeck coefficient
where k B is the Boltzmann constant, e is the absolute value of electron charge, and g (I) and g (II) are the spin and orbit configuration on the Fe 2+ and Fe 3+ sites, respectively. In the ferrimagnetic region (T < T c ), both g (I) and g (II) are equal to 1 due to the spin ordering, resulting in S spin = 0. But in the paramagnetic region (T > T c ), S spin has a finite value. When both Fe 2+ and Fe 3+ are in the high-spin state, g (I) and g (II) become 15 and 6, respectively. Then, the S spin must be ¹79 µV K
¹1
, which agrees quite well with the increment of Seebeck coefficient above 700 K. Though we only show the data of Ni 0.6 Fe 2.4 O 4 , other samples exhibited almost the same feature. From these results, we conclude that the high Seebeck coefficient of M 0.6 Fe 2.4 O 4 at high temperature is due to the spin entropy in the paramagnetic region.
Next, we discuss the substituent M dependence of the electrical conductivity and Seebeck coefficient. As we reported previously, 9) both the electrical conductivity and Seebeck coefficient were almost independent of the substituent M. At temperatures above 700 K, the electrical conductivities of M 0. Figure 7 shows the temperature dependent thermal conductivity of M 0. The difference in the thermal conductivities of the samples became smaller with increasing temperature. At 1150 K, the thermal conductivity of all samples converged at about 34 W m ¹1 K ¹1 . These results suggest the domination of a phonon scattering mechanism, which has strong M dependence and is effective at about room temperature.
Thermal conductivity
As mentioned above, the differences in the morphology make only a limited contribution to the different thermal conductivities of the samples. The dominant phonon scattering factor at room temperature would be lattice imperfections present in solid solutions. When a solid solution is prepared, the A-or B-site may be occupied by two or more different ions and the phonon scattering effect must be enhanced.
18) The thermal resistance ¬
À1
I due to lattice imperfections is given by, 19 )
where
V is the average atomic volume, © is the Debye temperature, h " is the Plank constant, and v is the phonon velocity. ¥ is called as a scattering parameter. x i , M i , and ¤ i are the volume fraction, atomic mass, and ion radius, respectively of component i. " M and " ¤ are the average atomic mass and ion radius respectively. ¾ is a strain parameter, depending on the elastic constant. The first term of eq. (3) represents the scattering by the mass fluctuations, while the second term corresponds to the local lattice distortion and anharmonic lattice vibrations. Here we define the scattering parameter due to lattice strain ¥ s A as below: 
We calculated the ¥ s A value of A-and B-sites using the cation distribution shown in Fig. 3 and Shannon's ionic radii. 20) As seen in Fig. 8 , the ¥ s A values of the A-site show strong M dependency, but those of B-site were similar for all samples. indicates that the thermal resistivity of M x Fe 3¹x O 4 was dominated by the second term, i.e., scattering due to the local lattice strain. In fact, the second term is predominant in other solid solutions having large ¾ values such as (Ga,In)As, In(As,P), (U,Pu,Nd)O 2 , etc. 2123) Since the ¥ s A value largely depended on the cation distribution in the A-site, we conclude that the thermal conductivity of M x Fe 3¹x O 4 at room temperature could be controlled by changing the cation distribution in the A-site.
Here, we recall the M dependent electrical conductivity of M x Fe 3¹x O 4 . It is expected that the carrier mobility would be different among the samples, reflecting the different ¥ s A values, but, in fact, the carrier mobility did not change significantly. Assuming that electrical conduction occurs through the B-site, the comparable carrier mobility among the samples is due to the M independent ¥ s A values at the B-site. shows a higher ZT value than the other samples due to its lower thermal conductivity. Such improvement in the ZT value at around room temperature is a key for the practical usage of this semiconductor system.
Conclusions
In this paper, we investigated the cation distribution dependent changes in the thermoelectric properties of the spinel-ferrite M x Fe 3¹x O 4 . We found that the thermal conductivity can be reduced without affecting the electrical conductivity by controlling the cation distribution in the Asite. These results indicate that spinel-ferrite could become a "phonon-glass electron-crystal" material. Although the maximum ZT value is still low, further enhancement in ZT is expected by optimizing the chemical composition.
